In Fusarium sporotrichioides, several genes required for biosynthesis of the trichothecene mycotoxin T-2 toxin are closely linked. Further characterization of this gene cluster has revealed a gene, Tri6, that specifies a 217-amino-acid protein with regions similar to Cys 2 His 2 zinc finger proteins. Temporal expression of Tri6 is similar to that of trichothecene biosynthetic pathway genes. Analysis of Tri6 transcripts indicated that transcription is initiated in two regions and that within each region there may be at least four initiation sites. Disruption of Tri6 resulted in a mutant that did not produce trichothecenes but that did accumulate low levels of the trichothecene precursor trichodiene. The Tri6 mutant was unable to convert six trichothecene biosynthetic intermediates to T-2 toxin, and transcription of two biosynthetic genes, Tri4 and Tri5, was greatly reduced in the mutant relative to the wild type. In addition, the product of Tri6 functioned as a transcriptional activator in Saccharomyces cerevisiae when fused to the DNA binding region of GAL4. These results indicate that Tri6 encodes a protein involved in the transcriptional regulation of trichothecene biosynthetic genes in F. sporotrichioides.
Trichothecenes are sesquiterpenoids produced by certain species of the fungal genera Fusarium, Myrothecium, Stachybotrys, Trichoderma, and Trichothecium and by at least two species of the plant genus Baccharis (30, 46) . Trichothecenes are potent inhibitors of protein synthesis in eukaryotic cells. They induce toxic effects in animals, such as vomiting, oral lesions, dermatitis, and hemorrhaging, and they have been implicated in incidents of mycotoxicosis in both humans and animals (34, 46) . Trichothecenes also appear to contribute to the virulence of certain phytopathogenic Fusarium species on some host plants (14, 15) .
Trichothecene biosynthesis occurs through a series of enzymatic reactions beginning with the cyclization of the isoprenoid biosynthetic intermediate farnesyl pyrophosphate to trichodiene by the enzyme trichodiene synthase (7) . Subsequent biosynthetic steps involve a variety of oxygenations, isomerizations, cyclizations, and esterifications ( Fig. 1) . The gene, Tri5 (previously designated Tox5), encoding trichodiene synthase has been isolated from Fusarium sporotrichioides and Gibberella pulicaris (22, 24) . Two other trichothecene biosynthetic genes, Tri3 (previously Tox3) and Tri4 (previously Tox4), have been identified by complementation of UV-induced mutants of F. sporotrichioides blocked in production of the trichothecene T-2 toxin (26, 27) . Tri3 encodes a transacetylase that converts 15-decalonectrin to calonectrin, and Tri4 encodes a cytochrome P-450 monooxygenase that converts trichodiene to an as yet uncharacterized oxygenated product (Fig. 1) . Tri3, Tri4, and Tri5 are clustered within a 9-kb region of the F. sporotrichioides genome (28) .
Genetic and environmental factors involved in the regulation of trichothecene biosynthesis are poorly understood. Nutritional factors (e.g., glucose) and temperature clearly affect trichothecene production, but how these factors act to regulate trichothecene biosynthesis is unclear (6, 12, 21, 37) . Genetic analysis of high-and low-trichothecene-producing strains of G. pulicaris indicated that multiple loci are involved in the regulation of trichothecene biosynthesis, but the genes responsible have not yet been isolated (13, 25) . The accumulation of trichothecenes in cultures of F. sporotrichioides and G. pulicaris is preceded by an increase in the levels of both trichodiene synthase activity and polypeptide (21) . In G. pulicaris, increases in trichodiene synthase activity parallel increases in the levels of Tri5 mRNA, suggesting that the regulation of trichothecene biosynthetic genes may occur at the level of transcription (25) .
Transcription factors are proteins that regulate gene expression, in part, by binding to specific sites in gene promoters. Structural studies and sequence comparisons have revealed that most transcription factors can be grouped into several families on the basis of similarities in their DNA binding domains. These families include the zinc finger, Cys 6 binuclear cluster, steroid receptor, helix-turn-helix, homeodomain, and leucine zipper proteins. The Cys 6 zinc binding motif is a DNA binding domain that occurs, perhaps exclusively, in transcription factors of yeast and filamentous fungi and has the amino acid consensus sequence Cys-X 2 -Cys-X 6 -Cys-X 5-9 -Cys-X 2 -Cys-X 6-7 -Cys (10). However, other types of DNA binding domains are also present in fungal transcription factors. For example, the Cys 2 His 2 zinc finger motif, with the amino acid consensus sequence Cys-X 2-4 -Cys-X 3 -Phe-X 5 -Leu-X 2 -His-X 3-4 -His (32), occurs in the Aspergillus nidulans brlA (1) and the Saccharomyces cerevisiae RGM1 and RME1 gene products (11, 17) . Because the presence of conserved DNA binding domains like the Cys 2 His 2 and Cys 6 motifs appears to be restricted to transcriptional factors, it has been possible to suggest a transcriptional regulatory role for genes of unknown function if their predicted amino acid sequences contain one of these motifs.
In this study, we report on the isolation and characterization of a gene, Tri6, that we identified while sequencing a region of the trichothecene biosynthetic gene cluster upstream from Tri5. Our data indicate that Tri6 encodes a peptide with re-gions similar to Cys 2 His 2 zinc finger DNA-binding proteins and that is involved in the regulation of trichothecene biosynthesis.
MATERIALS AND METHODS
Strains, plasmids, media, and culture conditions. The F. sporotrichioides strain NRRL 3299 (34) was obtained from the ARS/USDA Culture Collection at the National Center for Agricultural Utilization Research in Peoria, Ill. Fungal cultures were maintained on V8 juice agar (50) . Fungi were grown in liquid GYP medium (2% glucose, 0.3% yeast extract, 1% peptone) for DNA isolation and in liquid GYEP medium (5% glucose, 0.1% yeast extract, and 0.1% peptone) for trichothecene analysis, feeding studies, and RNA isolation (29) . Competent cells of Escherichia coli XL1-Blue (Stratagene) were employed in cloning procedures. The plasmid pUCH1 was kindly provided by O. C. Yoder of Cornell University. Yeast strain Y526 and plasmid pGBT9 were kindly provided by P. L. Bartel and S. Fields (State University of New York, Stony Brook).
Nucleic acid manipulations. Fungal genomic DNA minipreparations and Southern blotting procedures were done as described previously (24) . DNA probes were labeled with [␣-32 P]dCTP (DuPont NEN) by the Prime-a-Gene labeling system (Promega). Purification of DNA restriction fragments or PCR products prior to their digestion with restriction enzymes was accomplished with the GeneClean kit (Bio 101). The sequences of both DNA strands were obtained with the DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems) as described by the manufacturer. Commercially available reverse and forward primers as well as synthetic oligonucleotides specific for the region of F. sporotrichioides under study were employed as sequencing primers. Sequencing templates were prepared from PCR products with GeneClean according to the manufacturer's instructions. Electrophoresis and analysis of sequencing reactions were performed on a 373A DNA Sequencer (Applied Biosystems). The deduced amino acid sequence of Tri6 was submitted to the BLAST (2) and FASTA (40) Except where noted, individual reaction mixtures for PCR contained 50 mM KCl, 10 mM Tris-HCl (pH 8.4), 2.5 mM MgCl 2 , 0.01% gelatin, 225 M (each) deoxyribonucleotide triphosphates, 0.5 pmol of each primer per l, and 0.025 U of AmpliTaq (Perkin-Elmer Cetus Instruments) or Tf1 DNA polymerase (Epicenter Technologies) per ml. Unless indicated otherwise, amplifications consisted of 25 cycles of 1 min at 94ЊC for template denaturation, 1 min at 50 to 55ЊC for primer annealing, and 2 min at 72ЊC (7 min on the last cycle) for primer extension.
To isolate RNA, spores of F. sporotrichioides were washed from V8 juice agar cultures with water and then inoculated into 100 ml of GYEP medium to a final concentration of 5 ϫ 10 4 conidia per ml. Cultures were harvested by vacuum filtration, and the resulting mycelial mats were immediately frozen in liquid nitrogen and ground to a powder. RNA was extracted and purified with the RNaid Kit (Bio 101) by the acid phenol procedure described by the manufacturer. Northern (RNA) blots were done as described by Fourney et al. (18) . A cDNA of Tri6 was prepared with the GeneAmp RNA PCR kit (Perkin-Elmer Cetus Instruments) with random hexamers as primers for reverse transcription. The primers for PCR amplification of the cDNA were as follows: oligonucleotide 292 (5Ј-GGCTCTAGATGATTTACATGGCGTCCG-3Ј), which corresponded to the first 19 nucleotides (nt) of the Tri6 open reading frame (ORF) (start codon in boldface type) preceded by an XbaI site (underlined), and oligonucleotide 293 (5Ј-CGCCTCGAGTCAACACTTGTGTATCCG-3Ј), which consisted of an XhoI site (underlined) followed by the reverse complement of the Tri6 stop codon (boldface) and the last 15 nt of the ORF. The PCR product was subjected to GeneClean, digested with XbaI and XhoI, and cloned into pBluescript (Stratagene).
Transcription initiation sites of Tri6 were identified with the 5Ј-Ampli-FINDER rapid amplification of cDNA ends (RACE) kit (Clontech Laboratories), which employs a modification of the RACE technique described by Dumas et al. (16) . Briefly, the procedure involved generation of a partial cDNA of Tri6 with an oligonucleotide (5Ј-CATTTGCTTGGCTGTGTGAAGCTCG-3Ј) that was the reverse complement of nt 329 to 353 of the ORF as the primer for reverse transcription. The template for reverse transcription was poly(A) ϩ mRNA isolated from a 24-h-old GYEP culture of NRRL 3299 with the MicroFastTrack mRNA isolation kit (Invitrogen) as described in the product literature. After hydrolysis of the RNA template and purification of the cDNA, a single-stranded oligonucleotide, the AmpliFINDER anchor, was ligated to the 3Ј end of the single-stranded cDNA with T4 RNA ligase. Following the ligation, the cDNA was amplified by PCR with a primer pair consisting of the anchor primer, which is complementary to a 25-nt region of the AmpliFINDER anchor, and oligonucleotide 208 (5Ј-CAAAGTGGTTCTTCGTGGA-3Ј), which is the reverse complement of nt 215 to 233 of the Tri6 ORF. The PCR-amplified RACE products were run on a 1% SeaPlaque gel, and the bands were cut out and reamplified by PCR with the anchor primer and oligonucleotide 208. The resulting PCR products were subjected to GeneClean and then cloned into pTAII by the TA Cloning System (Invitrogen).
Construction of disruption plasmid and transformation. Plasmid pTX6T-1 was used to disrupt the Tri6 gene in F. sporotrichioides following the strategy described by Hohn and Desjardins (24) . Briefly, a portion of the Tri6 ORF was amplified by PCR with one primer that contained an Asp 718 site (underlined) and nt 56 to 76 of the Tri6 ORF (5Ј-CGCGGTACCTTGATCGTGTTG CGTCTCCCG-3Ј) and another primer that contained a BamHI site (underlined) and the reverse complement of nt 500 to 523 of the Tri6 ORF (5Ј- CGCGGATCCTAGTCACGATCCTTGCGAGTTGCAAAGC-3Ј). The 490-bp DNA fragment resulting from this amplification was subjected to GeneClean, digested with Asp 718 and BamHI, and cloned into Asp 718-and BamHI-cut pUCH1 (51) . The resulting plasmid, pTX6T-1, has the DNA sequences required for replication in E. coli and resistance to ampicillin, as well as a chimeric promoter 1-aph4 gene (HygB) that facilitates selection of fungal transformants carrying pTX6T-1 by their resistance to the antibiotic hygromycin B (51). The transformation procedure for F. sporotrichioides and the selection and isolation of transformants were done as described by Salch and Beremand (42) , except that mycelial washes were done with 0.7 M NaCl and Novozyme (Novo BioLabs), driselase (Sigma), and chitinase (Sigma) were solubilized in 0.7 M NaCl. Trichothecene analysis and intermediate feeding. For T-2 toxin and trichodiene analysis, F. sporotrichioides strains were grown in liquid GYEP as described previously (36) . Aliquots (5 ml) of 7-day-old cultures were extracted with 2 ml of ethyl acetate by vortexing in test tubes. The ethyl acetate extract was analyzed directly by gas-liquid chromatography (GLC). The presence of T-2 toxin and trichodiene was confirmed by GLC-mass spectroscopy (36) . For trichothecene intermediate feeding, 10 ml of GYEP medium was inoculated with conidia, washed from V8 juice agar cultures of strain NN4 or 8-3-9, to a final concentration of 5 ϫ 10 4 conidia per ml. After incubation for 3 days on a rotary shaker (200 rpm) at 28ЊC, a 25 mM stock solution of the test intermediate (Table  1 ) dissolved in dimethyl sulfoxide was added to the culture to a final concentration of 250 M. Cultures were incubated on the shaker at 28ЊC for an additional 4 days before they were analyzed for trichothecenes (36) .
GAL4-TRI6 fusion. To determine whether TRI6 was able to function as a transcriptional activator in Saccharomyces cerevisiae, a plasmid expressing a GAL4-TRI6 hybrid was constructed. A fusion between the 5Ј portion of GAL4 encoding the DNA binding domain of GAL4 and the Tri6 coding region was constructed in plasmid pGBT9, which contains a truncated GAL4 (the region encoding amino acids 1 to 147) fused downstream from the ADH1 promoter and upstream from a polylinker region and the ADH1 terminator. Plasmid pGBT9 also contains the Amp r gene, yeast 2-m plasmid, and TRP1. The Tri6 coding region was amplified by PCR as described above. The 5Ј PCR primer contained an EcoRI site (underlined) followed by the first 18 nt of the Tri6 ORF (5Ј-GGGCGAATTCATGATTTACATGGCGTCC-3Ј). The 3Ј PCR primer was oligonucleotide 293 (see above). Insertion of the amplified and EcoRI-and XhoIdigested Tri6 coding region into the EcoRI-SalI sites in the polylinker region of pGBT9 placed the Tri6 ORF in frame with the sequence coding for the truncated GAL4. The resulting plasmid, designated p2HS-5, was introduced into the S. cerevisiae strain Y526 by the LiAc method (45) . Strain Y526 is deleted for GAL4 and GAL80, contains an integrated GAL1-lacZ, and has the trp1 marker. Transformants were analyzed for ␤-galactosidase activity following cell permeabilization. To permeabilize cells, cultures were grown at 30ЊC in a synthetic medium containing sucrose as the carbon source until they reached an optical density at 600 nm of approximately 1.0. A 0.1-ml volume of this culture was mixed with 0.7 ml of Z buffer (0.1 M NaPO 4 , 1 mM KCl, 1 mM MgCl 2 , 39 mM 2-mercaptoethanol, pH 7.0), 50 l of CHCl 3 , and 50 l of 0.1% sodium dodecyl sulfate. After the mixture was vortexed for 30 s, 0.16 ml of o-nitrophenyl-␤-D-galactopyranoside (4 mg/ml in 0.1 M NaPO 4 , pH 7.0) was added, and the reaction was allowed to incubate at 30ЊC for 30 min. The reaction was quenched by the addition of 0.4 ml of 1.0 M Na 2 CO 3 . After the tubes were centrifuged for 10 min, the A 420 was read. Production of ␤-galactosidase was also analyzed by growing transformants on plates of synthetic medium containing sucrose (2.0%) as the carbon source, 100 mM NaPO 4 (pH 7.0), and 40 mg of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) per liter. Plates were incubated for 10 days at 28ЊC. (Fig. 2) . The direction of transcription of Tri6 is the same as that of Tri5. Analysis of the Tri6 sequence (Fig. 3) failed to identify sequences matching the 5Ј or 3Ј splice or internal consensus sequences for introns from filamentous fungi (20) . The absence of introns was confirmed by sequence analysis of a Tri6 cDNA. The Tri6 ORF specifies a protein of 217 amino acids with a calculated molecular weight of 25,327 (Fig. 3) . Comparisons of the deduced amino acid sequence for TRI6 with protein sequences from several databases revealed three regions at the carboxy-terminal end of TRI6 similar to the Cys 2 His 2 zinc finger motif found in eukaryotic transcriptional factors (Fig. 4) . One region, ZF3, differs from the Cys-X 2-4 -Cys-X 3 -Phe-X 5 -Leu-X 2 -His-X 3-4 -His zinc finger consensus sequence (32) in that there are 9 amino acids, rather than 2 to 4, between the 2 Cys residues and the Leu is replaced by a Met (Fig. 4) . The two other regions, ZF1 and ZF2, of TRI6 that are similar to the Cys 2 His 2 zinc finger motifs possess 2 Cys and 2 His residues in the appropriate order but lack other distinctive characteristics of the motif. Both ZF1 and ZF2 lack the Phe and Leu residues, and both regions possess higher numbers of residues between the second Cys and the first His than are present in over 150 examples of this sequence motif (Fig. 4) .
RESULTS

Sequence analysis of
Other features of the TRI6 amino acid sequence include a relatively high proportion of negatively charged amino acids in the amino-terminal half of the protein and a relatively high proportion of positively charged amino acids in the carboxyterminal half.
In the 5Ј flanking region of Tri6, there is a 24-nt imperfect repeat at positions Ϫ152 to Ϫ174 and Ϫ207 to Ϫ229 (Fig. 3) . The position(s) of the Tri6 transcription initiation site(s) was determined by the 5Ј-AmpliFINDER RACE procedure. Two RACE products, 462 and 335 bp in length, were amplified and cloned. Among clones obtained from the higher-molecularweight RACE product, the cDNA sequence began at nt Ϫ129 in two clones and at nt Ϫ148, Ϫ155, and Ϫ157 in three other clones (Fig. 3) , relative to the Tri6 start codon. Sequence analysis of clones from the lower-molecular-weight RACE product indicates that the cDNA sequence began at nt Ϫ46, Ϫ49, Ϫ55, and Ϫ67 in four different clones and at nt Ϫ50 in three other clones (Fig. 3) .
Expression of Tri6. To investigate Tri6 expression, RNA of F. sporotrichioides was harvested between 18 and 40 h after inoculation of liquid GYEP and analyzed by Northern blotting. The probe consisted of 32 P-labeled DNA corresponding to the Tri6 coding region. A transcript in the size range of 0.9 to 1.0 kb that hybridized to Tri6 was present in RNA samples from some time points. This Tri6 transcript was not detected at 18 h postinoculation but reached maximum levels at 22 h following inoculation (Fig. 5) . Thereafter, the level of the transcript (Fig. 5) . Disruption of Tri6. The function of Tri6 was examined via transformation-mediated gene disruption employing the approach described by Hohn and Desjardins (24) . This procedure employs a gene from plasmid pUCH1 that confers resistance to the antibiotic hygromycin B as a selectable marker. The disruption plasmid, pTX6T-1, was constructed by inserting a PCR-amplified fragment, consisting of nt 56 to 523 of the Tri6 coding region, into plasmid pUCH1. Homologous recombination between the doubly truncated Tri6 coding region on pTX6T-1 and the wild-type Tri6 in F. sporotrichioides would be expected to generate two truncated copies of the Tri6 coding region. Both copies should yield nonfunctional products, since one copy would lack the terminal 131 nt at the 3Ј end of the coding region, including all of ZF3 and part of ZF2, while the other copy would be missing the first 55 nt at the 5Ј end of the coding region.
Following transformation of the wild-type strain NRRL 3299 with pTX6T-1, 76 hygromycin B-resistant transformants were recovered. When the ability of these transformants to produce trichothecenes in liquid GYEP culture was examined, a single trichothecene nonproducing transformant, NN4, was identified. However, NN4 did accumulate low levels of the trichothecene precursor trichodiene (Fig. 6) . In contrast, cultures of NRRL 3299 accumulated 100 to 150 g of T-2 toxin per ml but did not accumulate detectable levels of trichodiene under the same growth conditions. Southern blot analysis was done to determine whether pTX6T-1 had integrated at the Tri6 locus of transformant NN4. Total fungal DNA was extracted, digested with restriction enzyme ClaI or StuI, and then subjected to electrophoresis in an agarose gel. After transfer of the DNA to a nylon membrane, the blot was probed with 32 P-labeled DNA corresponding to the Tri6 coding region. Samples digested with StuI, which does not cut within the Tri6 coding region or pTX6T-1, yielded a hybridization pattern consistent with the integration of a single copy of pTX6T-1 at the Tri6 locus in transformant NN4. The single 2.8-kb StuI band carrying wild-type Tri6 in NRRL 3299 (Fig. 7, lane 3) was replaced by an 8.4-kb band in NN4 (Fig. 7, lane 4) . An 8.4-kb StuI fragment was expected if a single copy of pTX6T-1 (5.6 kb) had integrated at the Tri6 locus. The hybridization pattern with DNA digested with ClaI, which cuts once within the Tri6 coding region and once within the pUCH1 portion of pTX6T-1, was also consistent with integration of a single copy of pTX6T-1 at the Tri6 locus in NN4. The 1.2-and 2.6-kb ClaI fragments of the NRRL 3299 DNA (Fig. 7, lane 1) were replaced by four fragments, of 0.92, 1.2, 2.6, and 4.7 kb in size, in NN4 DNA (Fig. 7, lane  2) .
To determine whether the trichothecene biosynthetic pathway was functional in transformant NN4, we analyzed the ability of this Tri6 mutant to convert exogenously added trichothecene biosynthetic intermediates to T-2 toxin. As a positive control for this experiment, we employed an F. sporotrichioides strain (8-3-9) in which Tri5 had been disrupted according to the same strategy used here to disrupt Tri6 (23) . Thus, strain 8-3-9 is blocked at the first step in the trichothecene biosynthetic pathway (Fig. 1) for other steps in the pathway. As a result, 8-3-9 was able to convert all the trichothecene intermediates tested to T-2 toxin (Table 1 ). In contrast, NN4 was unable to convert any of the intermediates to T-2 toxin (Table 1) , which suggests that at least some enzymes in the pathway are not active in this mutant.
To determine whether disruption of Tri6 affected the expression of trichothecene biosynthetic genes, Northern blot analysis was carried out with RNA from transformant NN4. Total RNA was extracted from GYEP cultures of NRRL 3299 and NN4 from 18 to 30 h after inoculation and subjected to electrophoresis in a denaturing gel. Following transfer of the RNA to a nylon membrane, the blot was probed with 32 P-labeled DNAs corresponding to the Tri4 and Tri5 coding regions. In the wild-type strain, NRRL 3299, the levels of the Tri4 and Tri5 transcripts increased after the start of incubation and peaked at 20 h (Fig. 8) . Thereafter, the level of message decreased so that by 30 h of incubation only low levels were detected. In contrast, the Tri4 transcript in NN4 cultures was not detected from 18 to 30 h of incubation (Fig. 8) . The level of the Tri5 transcript in NN4 was low (approximately five times as many counts per minute as background) and relatively constant from 18 to 25 h of incubation. However, by 30 h, the level of Tri5 message had dropped to only 2.5 times as many counts per minute as background (Fig. 8) .
Transcriptional activation by a GAL4-TRI6 hybrid in yeast. The S. cerevisiae GAL4 protein has been shown to contain physically separable domains that are responsible for either DNA binding or transcriptional activation (31) . Hybrid proteins containing either domain of GAL4 can frequently function as transcription factors if the protein involved in hybrid formation can provide the domain not supplied in the GAL4 portion of the hybrid (9) . By construction of hybrid proteins containing the DNA binding domain of GAL4, it is possible to determine whether a particular protein is capable of functioning as a transcriptional activator in yeast cells. The Tri6 ORF was cloned into plasmid pGBT9, creating a fusion with the DNA binding domain of GAL4. The resulting plasmid, 
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Tri6 IS A TRICHOTHECENE BIOSYNTHESIS REGULATORY GENE 1927 p2HS-5, should express a GAL4-TRI6 hybrid protein in which the N-terminal 147 amino acids of GAL4 are fused to the N terminus of TRI6. An S. cerevisiae strain, Y526, containing an integrated GAL1-lacZ fusion, was transformed with p2HS-5. Several transformants were isolated, and two, Y6-1 and Y6-2, were analyzed for the production of ␤-galactosidase. Low levels of ␤-galactosidase activity (20 to 25 U) were observed in Y6-1 and Y6-2 cells, while no activity was detected in control cells carrying pGBT9. Further evidence of ␤-galactosidase production was obtained by growing Y6-1 and Y6-2 on a synthetic medium containing X-Gal. Over a 10-day incubation period, the Y6-1 and Y6-2 colonies turned dark blue, indicating the production of ␤-galactosidase. The color of colonies produced by the control strain carrying pGBT9 remained unchanged on the medium with X-Gal during this same period.
DISCUSSION
We have identified a gene, Tri6, located within the F. sporotrichioides trichothecene biosynthetic gene cluster that encodes a protein similar to transcription factors from a variety of organisms, including S. cerevisiae, A. nidulans, Drosophila melanogaster, amphibians, and rats. The predicted amino acid sequence for TRI6 has three regions (ZF1, ZF2, and ZF3) similar to the Cys 2 His 2 zinc finger motif of eukaryotic transcription factors; however, all three regions deviate from the established Cys 2 His 2 consensus sequence (Fig. 4) . ZF3 is unusual in that the Cys residues are separated by 9 amino acid residues instead of the typical 2 to 4 residues. The substitution of Met for Leu in ZF3 is a conservative amino acid replacement and also occurs in zinc finger motifs in TFIII from Xenopus laevis (19) and the serendipity ␤ gene product of D. melanogaster (53) . ZF1 and ZF2 are similar to Cys 2 His 2 elements in that they have Cys and His residues in the appropriate order (Fig. 4) ; however, ZF1 and ZF2 differ markedly from the consensus sequence both in the number of amino acid residues between the second Cys and the first His (14 for ZF1 and 23 for ZF2) and in the absence of Phe and Leu residues from their usual positions. Cys 2 His 2 motifs typically have no more than 12 residues between the second Cys and the first His (32), although there are 15 and 17 amino acids in this position in zinc finger motifs of RME1 from S. cerevisiae (11) and the nucleocapsid protein from lymphocyte choriomeningitis virus (LCMV) (44) , respectively. The absence of the Phe and/or Leu residues from their consensus position occurs occasionally in zinc finger motifs of other genes (3, 52, 53) . In addition, positioning of the Phe residue can vary by up to 3 residues, as observed in zinc finger motifs in the nucleocapsid protein from LCMV (44), RME1 from S. cerevisiae (11) , and the hunchback gene product from D. melanogaster (49) . Because ZF1 and ZF2 differ so markedly from the Cys 2 His 2 consensus sequence, it will be necessary to demonstrate their role in DNA binding experimentally. The overexpression of the Tri6 gene product in E. coli (41) and the expression of the GAL4-TRI6 hybrid in yeast cells will facilitate efforts to characterize its functional domains.
It would be unusual if ZF3 is the only zinc finger motif in TRI6, since zinc finger proteins almost always have two or more copies of this motif. Exceptions to this include the deduced product of the Z gene (43) (32, 38) . If more than one zinc finger is required for specific binding and ZF3 is the only zinc finger in TRI6, perhaps this protein functions as a dimer.
Several lines of evidence, in addition to sequence data, indicate that the Tri6 product is a transcription factor. First, TRI6 can function as a transcriptional activator in S. cerevisiae when fused to the DNA binding domain of GAL4. Second, the transcription of at least two genes involved in trichothecene biosynthesis appears to be markedly altered in the Tri6 mutant, NN4. Finally, precursor feeding studies indicate that several trichothecene biosynthetic enzymes are not active in the Tri6 mutant, suggesting that the transcription of genes encoding these enzymes is also altered in the mutant. These data indicate that Tri6 may be a positive regulator of all trichothecene biosynthetic genes. Recently, we have found that the expression of four additional genes involved in trichothecene biosynthesis is also dramatically reduced in NN4 (data not shown).
The accumulation of small amounts of trichodiene in NN4 cultures is consistent with the low levels of Tri5 message produced by this mutant. Northern blot analysis suggests that disruption of Tri6 dramatically reduces the transcription of Tri5 but is not sufficient to completely prevent its transcription (Fig. 8) . This is in contrast to the apparent complete suppression of transcription of Tri4 in NN4. These results indicate that there may be other factors capable of activating low levels of Tri5 transcription in the absence of TRI6. Alternatively, the disruption of Tri6 may have resulted in the production of a modified Tri6 gene product that interacts differently with the Tri4 and Tri5 promoters.
The RACE data are consistent with the assignment of the translational start site for Tri6. The amplification of two RACE products suggested that there are two major transcription initiation sites for Tri6. The fact that the 5Ј ends of the cDNA clones began at several different positions further suggests the presence of multiple transcription initiation sites. Multiple transcription initiation sites are a common feature of filamentous fungal genes (20) . However, the possibility that the heterogeneity in cDNA length for the two RACE products represents degradation of the RNA from which the cDNA was synthesized has not been ruled out. If there are multiple transcription initiation sites for Tri6, it is unclear why only one transcript could be seen in Northern blots of this gene. It is possible that our Northern blotting procedure was unable to resolve the two major transcripts indicated by the RACE results because of the relatively small size (Ն1.0 kb) of the transcripts and the fact that their predicted size difference was only 100 nt.
Transformation-mediated disruption of Tri6 proved more difficult than the disruption of other trichothecene biosynthetic genes, because of a low frequency of homologous integration of the disruption plasmid pTX6T-1 at the Tri6 locus. Homologous integration occurred in only one of 76 transformants recovered. Transformation of F. sporotrichioides with disruption plasmids carrying other truncated trichothecene biosynthetic genes has resulted in homologous integration frequencies as high as 40% (27) . The low frequency of homologous integration following transformation with pTX6T-1 may be a result of the small size (468 bp) of the region of homology between pTX6T-1 and the F. sporotrichioides genome. Increasing frequencies of homologous integration occur with increasing size of the region of homology between the disruption vector and target genome during transformation of Neurospora crassa (4) .
Together, the data presented here indicate that Tri6 encodes a DNA-binding protein that contains at least one copy of a Cys 2 His 2 zinc finger motif and that is involved in the regulation of trichothecene biosynthesis. Since TRI6 can activate transcription and since disruption of the Tri6 gene eliminates or reduces expression of at least two other trichothecene biosynthetic genes, TRI6 is probably a positive regulator that activates expression of these genes. Tri6 does not appear to be transcribed until after 18 h of incubation in GYEP medium; thus, there must be an additional factor(s) that regulates Tri6 transcription.
Other fungal antibiotic biosynthetic genes have also been shown to occur in clusters (33, 35, 47, 48) . In at least one of these, the aflatoxin gene cluster, there is a gene (aflR) that regulates the biosynthesis of aflatoxins (8, 39) . Thus, the aflR and Tri6 genes may represent a common feature among fungal gene clusters involved in antibiotic biosynthesis, namely, that genes coding for biosynthetic enzymes are coordinately regulated by another gene present within the cluster.
